Abstract. The RMS US inland flood model provides flood hazard data of up to 10x10m resolution for the Contiguous United States for different return periods. The flood maps were developed using a series of physically based models. First, several thousand years of precipitation were simulated using principal component analysis coupled to a tropical cyclone precipitation model. Then, discharge and runoff were calculated using a semi-distributed rainfall runoff and routing model based on the TOPMODEL approach run at an hourly time step. This in turn forms the input to the fluvial and pluvial inundation models, which uses the shallow water equation to simulate flood propagation. Each of the individual model components such as precipitation, discharge and flood extent and depth were validated individually. The model generally performed very well compared to available flood maps, especially in the high exposure areas, even if it has some difficulties in the dry low exposure areas of the United States, which are heavily influenced by water management. The flood maps will be the base for the fully probabilistic loss model including a financial model. Via the simulated Hurricane track data set the flood model will be coupled to the RMS North Atlantic Hurricane model.
Introduction
Catastrophe risk models are widely used in the insurance industry to estimate the financial consequences of catastrophes. They provide a tool to estimate the exceedance probability of loss for a given location, which helps the insurance industry to derive their pricing models. Catastrophe risk models usually consist of hazard models that are linked to vulnerability, exposure and financial loss models. Here, we want to present the hazard part of the RMS flood risk model for the Contiguous United States (USFL model). The article first presents the model methodology and details the input data and physics behind each part, after which we present the model domain and setup and show some of the results for the individual model components. ORQJZDYH DQG VKRUWZDYH UDGLDWLRQ WKH 1RUWK $WODQWLF  /DQG 'DWD $VVLPLODWLRQ 6\VWHP ,, 1/'$6 ,, DYDLODEOH  IRU WKH SHULRG IURP  WR SUHVHQW ZLWK DQ KRXUO\ WLPH  VWHS ZDV VHOHFWHG IRU WKH 5DLQIDOO 5XQRII 0RGHO 550  DQG 5RXWLQJ FDOLEUDWLRQ ,Q DGGLWLRQ IRU WKH VLPXODWLRQ RI  SUHFLSLWDWLRQ ZH XVHG WKH &3& GDLO\ SUHFLSLWDWLRQ GDWD  ZKLFK DUH DYDLODEOH IURP  RQ DQG WKH 12$$  +85'$7 GDWD VHW 7KH GDLO\ GLVFKDUJH RI non-TC precipitation was generated using principal component analysis [3] , whereas the hurricane driven precipitation was simulated with the RMS TC rain model [4] based on the RMS North Atlantic Hurricane event set. The TC precipitation was then merged with the non-TC precipitation to generate a set of 50 000 years of precipitation. The remaining forcing data were generated using an analogous mapping method.
Methodology
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Rainfall-runoff and Routing model
Calibration
Runoff generation and flow routing were simulated separately using a rainfall-runoff (RRM) and a routing model. The RRM is a semi-distributed model based on the TOPMODEL approach [5] . The catchment was divided in classes of homogenous wetness index, which represent the combined effect of terrain slope and accumulation area. The vertical water fluxes were calculated dynamically between three zones (root, unsaturated and saturated zones) using a massconservative scheme. The evapotranspiration affecting the root zone, was calculated using the Penman-Monteith equation based on the atmospheric forcings. Precipitation can be stored as snow in different elevation bands and the snow melt was calculated for each time step based on the temperature and radiation terms [6] . The routing model is based on the Muskingum-Cunge approach [7, 8] and includes the simulation of lakes and reservoirs using the linear reservoir approach.
The rainfall-runoff and routing models were calibrated separately using the multi-objective evolutionary Non-dominated Sorting Genetic Algorithm II [9] to optimize the root mean square error (RMSE), the bias and the RMSE for high flow periods.
Simulation
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Inundation Model
The inundation model consists of a combination of pluvial and fluvial inundation models. The fluvial inundation model simulates the flooding caused by the major river network, whereas the pluvial model simulates the off-flood plain inundation of minor streams and local ponding. Both models solve the 2D shallow water equations numerically using the finite volume method and a Riemann-Solver. In order to allow the calculation of the inundation at the large scale of the US, but with a relatively fine resolution (10-30m grids), the code was setup to run in parallel on a cluster of GPUs. Whereas the fluvial model takes the simulated discharges as an input, the pluvial model was forced by dynamically simulated surface runoff. This approach allows to have two numerically stable models which can be run in a reasonable time on several thousand catchments for all required return periods.
Model application to the United States
The US flood model covers the Contiguous US, (i.e., the continental United States, excluding Alaska). From East to West the climate and hydrology changes considerably. The Eastern United States have a wetter climate and can receive very heavy precipitation from Hurricanes, whereas the mid-west is very dry and receives only seasonal precipitation. Snowmelt plays an In order to assure a realistic simulation of the flood risk, the individual model components were validated, as well as the final flood maps. The following sections show some results and validations for the simulation of the precipitation, the calibration of the RRM and Routing model and the flood maps.
Simulated stochastic precipitation
Many different validations were performed on the simulated precipitation. First, TC and non-TC precipitation were validated individually. For example, the output from the TC rainfall model was compared to the observed CPC average annual rainfall and selected Hurricane footprints (such as Dolly in 2008, see Figure 3 ) were simulated and compared to observed values. Monthly and daily means of the simulated PCA output were compared to observed means and seasonality as well as spatial correlations were checked. 
Calibration of Rainfall-Runoff and Routing model and simulation of stochastic discharge
The RRM was originally calibrated to daily discharge at approx. 4500 gauge stations leading to one parameter set per gauge. After quality control and redistribution of parameters, part of the gauges had to be discarded in order to have a set of parameters leading to good performance upstream and downstream. The RRM parameters were then fixed and the routing parameters calibrated. The model performance in all high exposure areas was checked individually and the model recalibrated if necessary. Around 2850 gauges were used for the final parameter set and results (r 2 ) are shown in Figure 5 . In general, as expected, the model performs better for larger upstream areas as local processes are
averaged out. Furthermore, results were better in wet areas with high runoff coefficients, as the dry areas in the mid-west of the US are heavily influenced by water management, or by water disippation into karstic sinks. In some areas, such as the Sacramento area, CA, the modelled discharge was adapted based on regressions in order to account for the impact of flood bypasses. The ungauged areas obtained their parameters using a nearest-neigbour approach where hydrological and hydraulic similarity was incorporated as well. The final RRM and Routing parameter sets were used to create the stochastic runoff and discharge time series. The quality of the stochastic simulation was checked by comparing runoff coefficients, discharge for different return periods and the spatial correlation for key locations. In Figure 6 we show the spatial correlation of simulated versus observed monthly discharge. We can see e.g. that Portland is heavily correlated to the cities on the west coast, but not to the cities on the east cost. Furthermore, the simulated discharge statistics were compared to the estimates based on fitting an extreme value distribution to discharge for approx. 11,000 USGS gauges for which a sufficiently long record of peak discharge data was available. Figure 6 . Simulated (top) and observed (bottom) correlation of monthly discharge for key locations in the US.
Undefended flood maps
A large quality analysis exercise on the return period flood maps was then conducted. A systemetic check of the 100 and 500 year return period RMS flood maps to the equivalent FEMA 100 and 500 year zones was conducted. Flood extents were compared, as well as volume captured in the flood zones, average and maximum depth and calculated exposure accumulations wherever FEMA flood depth was available. Furthermore, we compared the flood depth at river gauges to the depth obtained from the rating curves given with the USGS gauges. All the spatial information such as flood maps, gauges, defences, catchments, etc. were uploaded to a geoserver in order to facilitate the quality analysis and comparison to observed events for particular locations. Figure 7 shows an example flood map for Philadelphia DQG LW ¶V FRPSDULVRQ WR WKH )(0$ PDS ,Q JHQHUDO WKH RMS modelled maps compare well with FEMA, but as RMS models pluvial as well as fluvial inundation, RMS maps cover a larger total area. We performed checks to ensure the continuity of flood maps between model units. All in all, the quality checks that were performed have lead to many iterations of the modelled inundations, and have thus led to significant improvements of the model and flood maps. 
